Isolation of a novel zinc finger repressor that regulates the kidney-specific CLC-K1 promoter  by Uchida, Shinichi et al.
Kidney International, Vol. 60 (2001), pp. 416–421
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Isolation of a novel zinc finger repressor that regulates the kidney-specific and nephron segment-specific gene ex-
kidney-specific CLC-K1 promoter. CLC-K1 and CLC-K2, two pression. To this end, we previously isolated the promot-
kidney-specific CLC chloride channels, are transcriptionally ers of rat CLC-K1 [6] and CLC-K2 [7] genes and foundregulated on a tissue-specific basis. We have shown that a GA
that their proximal 5-flanking regions, including theelement near their transcriptional start sites is important for
transcriptional start sites, are also highly homologous andbasal and cell-specific activities of the CLC-K1 and CLC-K2
gene promoters. To identify the GA-binding proteins, a kidney characterized by a GA element, GGGGAGGGGAGG
cDNA library was screened by a yeast one-hybrid system. A GGGAGGG [7]. Reporter gene assays and gel retarda-
novel member of the Cys2-His2 zinc finger gene designated tion assays [6, 7] revealed that the GA element is indis-as KKLF (kidney-enriched Kru¨ppel-like factor) and the myc-
pensable for the basal promoter activities of both genes.associated zinc finger protein (MAZ) were cloned. KKLF was
In the present study, we isolated two cDNAs that bindfound to be abundantly expressed in the liver, kidney, heart,
and skeletal muscle. In the kidney, KKLF protein was localized to the GA element, that is, MAZ, the previously isolated
in interstitial cells, mesangial cells, and nephron segments myc-associated zinc finger protein, and KKLF, a novel
where CLC-K1 and CLC-K2 were not expressed. Gel mobility Kru¨ppel-like factor. MAZ and KKLF have opposite ef-shift assay revealed that recombinant KKLF and MAZ proteins
fects on the CLC-K1 promoter activity, suggesting thatexhibited sequence-specific binding to the CLC-K1 GA ele-
the kidney-specific expression of CLC-K genes may bement and that the consensus sequence for the KKLF binding
site was GGGGNGGNG. In transient transfection, MAZ had regulated by a series of zinc finger proteins through the
a strong activating effect on the CLC-K1–luciferase reporter GA element. The spatial pattern of KKLF expression
gene transcription. On the other hand, KKLF coexpression overlapped with negative expressions of the CLC-K1with MAZ appeared to block the activating effect of MAZ.
and CLC-K2 in the nephron, supporting the idea thatThese results suggest that a novel set of zinc finger proteins
KKLF may contribute to the strict nephron segment-may help regulate the strict tissue and nephron segment-specific
expression of CLC-K1 and CLC-K2 channel genes through specific expression of CLC-K genes in vivo as a repressor.
their GA cis element.
RESULTS
KKLF and MAZ cloning by yeastCLC-K1 and CLC-K2 are two kidney-specific mem-
bers of the CLC chloride channel family [1, 2]. Mutations one-hybrid screening
of CLCNKB (human homologue of rat CLC-K2) were cDNA encoding proteins binding to the GA element
recently found in patients with Bartter’s syndrome [3], of the rat CLC-K1 gene [6] were cloned [8] using a yeast
and the CLC-K1 gene knockout in mice resulted in neph- one-hybrid system (MATCHMAKER One-Hybrid Sys-
rogenic diabetes insipidus [4], thereby confirming the tem; Clontech, Palo Alto, CA, USA). One clone con-
important role of these channels in chloride transport in tained an approximately 2.5 kb insert, and partial se-
kidney. Although both clones are highly homologous quencing revealed that it was the same as the cDNAs
(80% amino acid identity in rat and 90% in human), previously isolated as human MAZ [9] or hamster Pur-1
their intrarenal localizations are completely different [5]. [10]. Sequencing of the total insert confirmed that it con-
Therefore, the analysis of transcriptional regulation of tained the whole open reading frame. Another isolated
these two genes is expected to elucidate mechanisms of clone, which we later named KKLF, contained an approxi-
mately 2.5 kb insert. The human KKLF cDNA contains
a single open reading frame of 1248 bp, which encodes aKey words: chloride channel, tissue-specific expression, gene promoter,
polypeptide of 416 amino acids with a predicted molecu-GA cis element, myc-associated zinc finger protein, kidney enriched
Kru¨ppel-like factor, transcription. lar mass of 44 kD (Fig. 1). The deduced KKLF amino
acid sequence contains three zinc finger motifs (Cys2- 2001 by the International Society of Nephrology
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Fig. 1. Amino acid sequence of human KKLF.
The tree zinc fingers are underlined and the
H-C linkers are double underlined.
His2) at the carboxyl terminus that are separated by a Transactivation assay
seven-amino acid interfinger spacer similar to the H/C As shown in Figure 3A, cotransfection of MAZ ex-
link consensus sequence: [T/S]GEKP[Y/F]X. These fea- pression vector resulted in a clear stimulation of the
tures classify KKLF as a member of the Kru¨ppel family CLC-K1 promoter (51 to 75). The construct that did
of proteins. not contain the GA element (29 to 75) did not re-
spond to the cotransfection of MAZ, suggesting that
Gel mobility shift assay of recombinant MAZ and MAZ transactivated the CLC-K1 promoter through the
KKLF proteins GA element. On the other hand, cotransfection of KKLF
expression vector did not affect the baseline promoterTo confirm that MAZ and KKLF could bind to the
activity in NIH3T3 cells. Accordingly, we tested whetherGA element, three zinc fingers of human and rat KKLF
KKLF inhibited MAZ activity by the transfection of ex-and five zinc fingers of human MAZ were expressed as
pression plasmids for both into NIH3T3 cells. As shown
a fusion protein with glutathione-S- transferase (GST), in Figure 3B, when the two expression vectors were trans-
incubated with the 32P-labeled GA element, and electro- fected in equivalent amounts, the MAZ-induced transacti-
phoresed in a nondenaturing polyacrylamide gel. As vation was inhibited to 40%. Increasing the amounts
shown in Figure 2A, the incubation of human and rat of KKLF further diminished and completely blocked the
KKLF fusion proteins with the GA element resulted in MAZ effect. These results indicate that KKLF could act
the formation of retarded complexes (lanes 1 and 5) that as a functional competitor of MAZ through the competi-
could be competed with the 100-fold molar excess of unla- tive binding to the GA element.
beled GA element (lanes 2 and 6). One hundred molar
Tissue distribution of human KKLFexcess of cold SpI oligonucleotide (lane 4) did not com-
To determine the tissue distribution of KKLF, North-plete with the GA element, suggesting that KKLF could
ern blot analysis was performed using a full-length KKLFnot bind to SpI site (GGCGGG). Inclusion of anti-rat
cDNA as a probe. As shown in Figure 4, 2.5 kb mRNAKKLF antibody in the electrophoretic mobility shift assay
was detected, and its highest expression was observed(EMSA) reaction shifted the rat KKLF-GA-element com-
in the liver. Moderate levels of transcript were also noted
plex (lane 7, indicated by an arrow). Previous studies in kidney, heart, and skeletal muscle.
revealed that MAZ binds to GGGGAGGGG sequences
Immunohistochemistry of KKLF in the kidney[9, 10], which is identical with the GA element of the
CLC-K1 promoter. Accordingly, it is reasonable for the Carboxyl terminal peptide of rat KKLF (14 residues,
GA element to form the retarded band with MAZ-GST CHRFPRSSRAVRAIN-COOH) was synthesized, con-
shown in Figure 2B (lane 1). These two bands were com- jugated with keyhole limpet hemocyanin (KLH) at an
additional cysteine residue of the amino terminus, andpletely blocked by the 100-fold molar excess of cold
used to raise a rabbit polyclonal antiserum, which wasprobe (lane 2), ME1a1 probe (lane 4) [9], or CD 4 pro-
then affinity purified. The staining of KKLF was conspic-moter probe (lane 5) [11], and both bands were pre-
uous in the nuclei of cells in the inner medulla (Fig. 5).viously shown to bind MAZ. In lane 3 of Figure 2B, the
To examine whether KKLF and CLC-K1 were coloca-m4 probe where four mutations were introduced into
lized in the inner medulla, double-immunofluorescencethe wild-type GA element (AGCCGGtGAGGtGGAG
staining was performed. As shown in Figure 5, KKLF
tGGAGtGTGTTG) was labeled with 32P and used for was colocalized with aquaporin-2 (AQP-2; Fig. 5C) and
EMSA. A significant decrease of binding was observed AQP-1 (Fig. 5B), indicating its presence in the inner
in EMSA using the m4 probe, consistent with the pre- medullary collecting ducts and the thin descending limb
viously reported consensus sequence for MAZ binding of Henle’s loop, but it was not colocalized with CLC-
site [9, 12, 13]. Further fine mutational assays in EMSA K1 (Fig. 5A). KKLF staining was also observed in the
showed that a consensus KKLF binding sequence was mesangial cells in glomeruli and the interstitial fibro-
blasts [8].GGGGNGGNG.
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Fig. 2. Gel mobility shift assay with the CLC-
K1 GA element and recombinant extracts of
MAZ-GST and KKLF-GST proteins. (A) Puri-
fied human and rat KKLF-GST extracts (30
ng) were mixed with 32P-labeled GA element
(AGCCGGGGAGGGGGAGGGGAGGG
TGTTG) of the CLC-K1 gene promoter [6]
and electrophoresed in 6% nondenaturing poly-
acrylamide gel. hKKLF-GST (lanes 1 through
4) and rKKLF-GST indicate 30 ng of human
and rat KKLF-GST in the reaction, respec-
tively. Lanes 1 and 5 are without the cold
competitor; lanes 2 and 6 are with a 100-fold
molar excess of cold competitor; lane 3, a 100-
fold molar excess of SpI probe (Promega);
lanes 4 and 6, anti-rat KKLF antiserum was
added to the reaction. (B) Purified human
MAZ-GST extracts (30 ng) were mixed with
the 32P-labeled GA element (lane 1). The for-
mation of DNA-MAZ complexes was abol-
ished with the 100-molar excess of cold probe
(lane 2), ME1a1 probe (GAAAAAGAAGG
GAGGGGAGGGATC; lane 4), or CD4 probe
(CTGGGGGTGGGAGGGAG G GACT
CCT;lane 5). In lane 3, m4 probe that had
four mutations in the wild GA element was
labeled with 32P and used for EMSA. The
MAZ binding was reduced by the mutations.
DISCUSSION loop where CLC-K1 is expressed, and the thick as-
cending limb of Henle’s loop and the distal nephronWe have previously reported that the GA elements
segments where CLC-K2 is expressed [8]. Based on thesein the CLC-K1 and CLC-K2 gene promoters are recog-
results, we speculated that MAZ could be one of thenized by one or more distinct proteins [6, 7]. To identify
transcription factors that activate the expression of thepossible transcription factors that bind to the GA ele-
CLC-K1 and CLC-K2 genes in vivo. On the other hand,ment, we have screened human kidney cDNA library
cotransfection of KKLF with MAZ appeared to blockby a yeast one-hybrid system and isolated two cDNAs
the strongly activating effect of MAZ. The consensusencoding polypeptides having zinc finger motifs. The first
sequence of the KKLF binding site identified in thisclone was myc-associated zinc finger protein (MAZ), a
study was GGGGNGGNG, which was turned out topreviously discovered protein [9] that transactivated the
be identical with the consensus sequence of the MAZCLC-K1 gene promoter, and the second clone was
binding site (GGGGAGGGG). Actually, the MAZKKLF, a novel Kru¨ppel-like factor that bears a three-
binding competed with KKLF binding [8]. This findingzinc finger (Cys2-His2) motif at its C-terminal domain
suggests that the interplay at the GA element betweenand repressed the promoter activity. Previously, human
zinc finger proteins that repress or activate transcriptionMAZ and its mouse homologue mPur-1 were shown to
may constitute a kidney-specific expression of the CLC-bind the GGGAGGG motif of the c-MYC P2 promoter
K1 and CLC-K2 genes. Double immunostaining of[9] and the GAGA box of the insulin promoter [10],
KKLF and other marker proteins in rat inner medullarespectively. Since the GA element of the CLC-K1 and
revealed that KKLF was present in the nuclei of innerCLC-K2 gene promoters is GGGGAGGGGGAGGG
medullary collecting ducts and the thin descending limbGAG, it stands to reason that MAZ can bind to the
of Henle’s loop, which are nephron segments where noGA element. Cotransfection assay and EMSA clearly
expression of CLC-K1 and CLC-K2 are observed. Givendemonstrated that MAZ interacted with the GA element
that KKLF is not expressed in all of the cells and tissuesof the CLC-K1 promoter and transactivated the CLC-K1
that do not express CLC-K1 and CLC-K2, the combina-promoter. We also detected its expression in all nephron
segments, including the thin ascending limb of Henle’s tion of KKLF and MAZ alone may not account for all
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Fig. 3. Transfection of NIH3T3 cells with
MAZ and KKLF expression vectors and CLC-
K1-luciferase reporter plasmids. (A) Human
MAZ ( ) and KKLF ( ) in pCDNA3 ( ;
10 g) were transfected with 51 and 29
CLC-K1-luciferase reporter plasmids [6] (10
g) and pSV--Gal (3 g). Empty vector
(pCDNA3) was cotransfected to maintain
equivalent total plasmid amounts in each
transfection. 51 CLC-K1 luciferase reporter
contains the GA element but 29 does not.
Luciferase and -galactosidase reporter gene
activities were measured 48 hours after trans-
fection. (B) MAZ expression vector (8 g)
was cotransfected with varying amounts (2 to
16 g) of KKLF expression vector,51 CLC-
K1 luciferase reporter plasmid (8 g), and
pSV--Gal (3 g). Numbers in parentheses
indicate the amount of plasmids used for
transfection.
of the mechanisms of kidney-specific expression of CLC-
K1 and CLC-K2. However, KKLF might suppress the
CLC-K1 and CLC-K2 expression in inner medullary col-
lecting ducts and the thin descending limb of Henle’s
loop in vivo, thereby contributing to the strict nephron
segment-specific expression of CLC-K1 and CLC-K2. A
recent pool of evidence suggests that strict cell- and tis-
sue-specific gene expression is not attained by a single
positive regulatory factor, but by a combination of activa-
Fig. 4. Northern analysis of human KKLF. Each lane contained poly-
tors and repressors. The present study revealed that theA()RNAs (2 g) from various human tissues. 1, brain; 2, heart; 3,
skeletal muscle; 4, colon; 5, thymus; 6, spleen; 7, kidney; 8, liver; 9, GA element, although originally identified as a positive
small intestine; 10, placenta; 11, lung; and 12, leukocyte. cis element, has both positive and negative effects on
the CLC-K1 promoter.
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Fig. 5. Immunohistochemistry of rat KKLF in the inner medulla of rat kidney. Double immunofluorescence of KKLF (green) and other marker
proteins (red) in the inner medulla: CLC-K1 (A, 400), AQP-1 (B, 200), or AQP-2 (C, 200). KKLF was colocalized with AQP-1 and AQP-2,
but not with CLC-K1.
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